kinetics | photochemistry | luminescence | transient absorption P roton transfer (1-5) and proton-coupled electron transfer (6-14), with proton gain or loss triggered by changes in electron content, are ubiquitous in chemistry and biology. The gain or loss of protons in water tied to oxidation or reduction is generally assumed to be rapid and not rate limiting. However, water is a weak proton acceptor with pK a (H 3 O + ) = −1.74 and a weak proton donor with pK a (H 2 O) = 15.7. For acids and bases having intermediate pK a values, this creates a kinetic inhibition to proton transfer to or from the solvent. Following Krishtalik (4, 15) and the experimental observations of Nibbering and coworkers (16) (17) (18) and Scandola and coworkers (19) and the detailed analysis of Agmon (20), acid dissociation from a generalized acid HA can be partitioned into two steps: initial proton dissociation with proton transfer to a water molecule or cluster (Eq. 1A), followed by dilution in the surrounding medium (Eq. 1B). Except for very strong acids, proton dissociation is nonspontaneous with ΔG diss (eV) ∼ −0.059[pK a (H 3 O + ) − pK a (HA)]. The final equilibrium state following dissociation is defined by the acid dissociation constant and the prevailing conditions-temperature, ionic strength, etc. Similarly, proton transfer from the solvent to an added base, B, occurs by initial proton transfer to the base followed by dilution.
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Proton loss to solvent in Eq. 1A can be considerably disfavored for acids having pK a values intermediate between H 3 O + and H 2 O with ΔG diss of ∼0.52 eV for an acid with pK a = 7. The magnitude of ΔG diss also sets the minimum activation barrier for the initial proton transfer step. Microscopically, proton transfer from HA occurs to an initially H-bonded water molecule or water cluster (21) . Given the high frequency of the O-H vibrational modes for proton transfer, at or near room temperature, the proton transfer steps are inherently quantum mechanical with rapid rates relying on preassociation to minimize the proton transfer distance and maximize vibrational wave function overlap (22) (23) (24) .
These considerations are especially important for short-lived intermediates and excited states. For excited states, changes in pK a are induced by the change in electronic configuration in the excited state and can be considerable as evidenced by the enhanced acidities of excited-state "super acids" (20, (25) (26) (27) (28) (29) (30) (31) . With limited lifetimes, barriers to proton dissociation are often too high to allow the excited state to reach acid-base equilibrium, HA* +
We report here the results of a photophysical study designed to investigate the dynamic impact of slow proton transfer of excited states in water including the observation and exploitation of catalyzed proton loss by added bases. Related experimental observations have been reported by Gryczynski and coworkers (32, 33) based on protonation of pyrene-1-carboxylate in the presence of a phosphate buffer and by Alvarez-Pez et al. (34, 35) on fluorescence from fluorescein also with added phosphate buffers.
Our observations were made on a short-lived metal-to-ligand charge transfer (MLCT), assembly-based excited state of the complex [(bpy) 2 ], it is 9.57 ± 0.05 (Fig. S1 ). In 1 (structure in Fig. 1 ), the lowest energy absorption in the visible (Fig. 1) * (1*). In these molecules, light absorption is dominated by MLCT transitions to excited states largely singlet in character followed by rapid internal conversion and decay to the corresponding, lowest energy "triplet" states, which are observed spectroscopically (37, 38 
Results and Discussion Excited-State Properties. Absorption spectra for 1, in water as -Ru II -OH 2 , and in 0.1 M NaOH, as -Ru MLCT bands in the visible. In the visible spectrum in water, a broad absorption is observed from 400 to 550 nm with λ max of ∼470 nm arising from overlapping dπ(Ru a ) → π*(bpy),π*(L) and dπ(Ru b ) → π*(tpy),π*(L) MLCT absorptions. Deprotonation in 0.1 M NaOH results in a distinct MLCT absorption at λ max = 452 nm, largely due to MLCT absorptions at Ru II a , and a lower energy absorption at λ max of ∼525 nm, largely originating at -Ru II b -OH. As mentioned above, these assignments are all supported by TD-DFT calculations (Fig. S2) .
In normalized emission spectra of 1 in water at varying excitation wavelengths, two distinct MLCT emissions are observed (Fig. S3A) ]* with the electron localized on the bridging ligand. No emission was observed from 2, and there was no evidence for 2* in transient emission and absorption measurements on the 10-ns timescale (see below). Based on the excitation dependence, the 755-nm emission arises both from direct excitation and by excitation of the Ru II a →bpy,L chromophores followed by rapid internal conversion and intraassembly energy transfer. The latter was too rapid to monitor on the timescale (∼10 ns) of our measurements. The emitting (L −• )Ru III b -OH 2 -based excited state has a lifetime of 13 ± 1 ns in water by transient absorption and emission measurements (Fig. S3B) .
Time-dependent transient absorption (TA) difference spectra for 1* are shown in Fig. S3C . The first spectrum was obtained ∼18 ns after excitation at 460 nm and is consistent with formation of (L The transient difference spectrum is essentially identical to a spectrum calculated by subtracting the absorption spectrum in water from the spectrum in 0.1 M NaOH (Fig. 3) . This observation is consistent with excitation of 1 and relaxation to give (L −• )Ru III b -OH 2 followed by rapid deprotonation by the added base to give 2 (Fig. 4) .
The effects of added buffer bases on the excited-state dynamics were examined by adding increasing amounts of the added sodium salts of acetate (OAc ] was increased, as observed by both steady-state (Fig. 5 ) and timeresolved emission measurements (Fig. S5A) . As shown by the data in Fig. 5 , ∼50% quenching was reached with 100 mM added HPO 4 2− . A Stern-Volmer analysis of the data as 1/τ = 1/τ o + k q [HPO 4 2− ], with τ and τ o the lifetimes with and without added buffer base, respectively, gave k q,obs = 1.2 × 10 9 M −1 ·s −1 (Fig. 7) . (Fig. S4) .
Quenching Mechanism. The observations made here are consistent with the quenching mechanism in Fig. 4 . In this mechanism, MLCT excitation and excited state and energy transfer equilibration occur in a preformed, ion pair/H-bonded association complex between the coordinated -OH 2 ligand at [(L . From the mechanism in Fig. 4 , k q = K A k* PT with K A , the association/ion pair constant, and k* PT , the rate constant for excited-state proton transfer. The quenching results do not provide direct information about the excited-state pK a , only that deprotonation of the excited state has occurred. In the classical limit, the proton transfer barrier is given by ΔG* = λ/4( There is independent evidence for the preassociation complex in the emission data with added OAc − in Fig. 4 . It appears in the ] was increased from 0 to100 mM (Fig. 6 ). There was no evidence of a similar effect with added HPO 4 2− (Fig. 5 ) for which quenching is near the diffusion-controlled limit. For OAc in Fig. 9 with nearly complete formation of 2 for the latter. The subsequent reprotonation kinetics was independent of the concentration of the base form of the buffer and of the solution pH (Fig. S7A) .
Quenching of the excited state is independent of the acid form of the buffer (Fig. S5B ), but the reprotonation kinetics does depend on the acid form. This was demonstrated in a series of experiments in which [HPO 4 2− ] was held constant while varying [H 2 PO 4 − ]. In these experiments, with [HPO 4 2− ] = 60 mM, the same amount of 2 was formed following laser flash excitation in the series of experiments. Monitoring the transient absorption decay kinetics at 565 nm (Fig. 10) . The latter illustrates a profound kinetic inhibition to proton transfer.
Materials and Methods
Detailed synthesis, characterization, synthetic scheme, instrumentation, experimental methods, and supplementary figures are located in SI Text. The detailed synthetic scheme is given in Fig. S8 . Characterization of the final product includes cyclic and square wave voltammetry (Fig. S9) as well as NMR (Fig. S10) . NMR spectra are included for the intermediates as well. The SI Text also gives detailed information on the DFT calculations and the spectrophotometric titration used to determine the ground state pK a . 
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